Background. Human ehrlichioses are emerging life-threatening diseases transmitted by ticks. Animal models have been developed to study disease development; however, there is no valid small animal model that uses a human ehrlichial pathogen. The objective of this study was to develop a mouse model for ehrlichiosis with the newly discovered human pathogen, Ehrlichia muris-like agent (EMLA).
such as human monocytotropic ehrlichiosis (HME) caused by E. chaffeensis [2] [3] [4] [5] [6] . E. chaffeensis infection does not provide a relevant animal model, since it does not induce progressive infection in laboratory animals. E. chaffeensis infection in immunocompromised mice with severe combined immunodeficiency does not provide an ideal model for studying pathogenesis or immunity. Other murine models have been developed to better understand the mechanisms of ehrlichial infection and disease mechanisms: E. muris, a nonlethal agent inducing persistent infection, and Ixodes ovatus Ehrlichia (IOE), a lethal model [7, 8] . IOE has been detected only in I. ovatus ticks in Japan [9] .
EMLA has been detected in patients from the upper Midwestern United States since 2009 [2] . The new bacterium has been identified in different stages of Ixodes scapularis ticks collected from the same region as the human patients. The disease caused by EMLA is similar to E. chaffeensis infection, with fever, malaise, fatigue, headache, nausea, and vomiting. Clinical laboratory findings include elevated hepatic aminotransferase levels, thrombocytopenia, and lymphopenia [2, 10] . An ideal animal model to study monocytotropic ehrlichiosis infection should use a human pathogen and induce dosedependent sublethal and lethal infection [11] [12] [13] . The objective of this research was to develop and characterize a better mouse model of human ehrlichiosis, using EMLA, which will be used for future studies of the vector-host-pathogen interaction, ehrlichial pathogenesis, and immunity.
MATERIALS AND METHODS

Ehrlichia
The newly isolated Ehrlichia species from Wisconsin (EMLA), generously provided by Dr Ulrike Munderloh (University of Minnesota), was cultivated in RF/6A monkey endothelial cells. After infection was achieved in 80%-90% of cells, the monolayer was harvested and stored in liquid nitrogen. An aliquot was quantified by real-time polymerase chain reaction (PCR), as described below. The stock was prepared as 5 × 10 6 infected cells/mL, with approximately 100 bacteria per cell.
Animals
Female C57BL/6 mice aged 6-8 weeks (Jackson Laboratories, Bar Harbor, ME) were inoculated by different routes with EMLA-infected cultured cells or spleen homogenate from infected C57BL/6 mice. BALB/c and C3H/HeN mice were also evaluated for infection by EMLA, using cell culture inocula; however, EMLA infection in C57BL/6 mice was characterized in greater detail. All experiments were performed with groups of 4 mice for each time point. Euthanasia was performed by overdose of isoflurane followed by cervical dislocation. All experiments were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee.
Inoculum
The preliminary studies were performed using EMLA-infected cell culture. Cell culture inoculum was prepared on the basis of a previously determined amount of bacteria per cell by real time-PCR. In subsequent studies, we used splenocyte inoculum, which was prepared from homogenate of spleens of infected mice inoculated with a lethal dose of EMLA-infected cell culture stock. When animals showed signs of illness, they were euthanized, and spleens were collected. Tissues were homogenized with a Dounce homogenizer and sonicated for tissue disruption and cell lysis. The inoculum dose was determined by titration of lethality of intravenous infection in C57BL/6 mice with serial 10-fold dilutions of homogenized splenocytes, starting with 10 3 bacteria to a maximum of 10 8 bacteria.
Routes of Inoculation
Animals were inoculated by the intradermal, intraperitoneal, or intravenous route with EMLA to evaluate the disease course. Intradermal inoculations were performed on shaved skin over the sternum. The tail vein was used for intravenous inoculations.
Control mice were inoculated with similarly prepared uninfected splenic tissue by the same routes.
Collection of Samples
Whole blood, spleen, liver, lung, lymph nodes (brachial and inguinal), kidney, brain, and bone marrow specimens were collected from the animals for determination of bacterial burdens. All tissue samples including heart and intestine were fixed in 10% neutral buffered formalin for histopathologic analysis. Aliquots of whole blood collected in ethylenediaminetetraacetic acid were used for determining blood cell counts (by use of the species-specific Hemavet analyzer, Drew Scientific, Dallas, TX) and evaluation of circulating CD4 + and CD8 + T cells by flow cytometry. In addition, blood samples were obtained for serum separation to measure antibody and alanine transaminase (ALT) levels (Clinical Chemistry Laboratory, University of Texas Medical Branch, Galveston).
Determination of Bacterial Loads
Samples of whole blood and organs were processed for DNA extraction using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) with a few modifications. The tissue-lyser disruption system (Qiagen, Valencia, CA) was used to optimize extraction of nucleic acids. The final concentration of DNA was determined by NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA).
Tissue and blood samples were evaluated for levels of ehrlichial DNA by targeting the disulfide bond formation (dsb) gene (GenBank number AY236484). Real time PCR reaction was performed as described by Stevenson et al [14] . Bacterial numbers in the organs were normalized to the total DNA in the sample. The limit of detection was 6 copies of plasmid carrying Ehrlichia dsb gene.
Histopathologic and Immunohistochemical (IHC) Analyses
Tissue samples were processed and stained with hematoxylin and eosin. Sections of each tissue sample were also prepared for immunohistochemical detection of EMLA. Sectioned tissues were deparaffinized, hydrated, and treated with proteinase K (Dako, Carpinteria, CA), followed by incubation with a polyclonal rabbit anti-E. muris antibody at a dilution of 1 in 200 and with a biotinylated secondary goat anti-rabbit IgG antibody (Vector Laboratories, Burlingame, CA) at a dilution of 1 in 200. For detection, sections were incubated with streptavidin AP (Thermo Scientific, Waltham, MA) and then Fast Red (Dako, Carpinteria, CA). Counterstaining with hematoxylin was performed. Naive rabbit serum was used as primary antibody negative control.
Transmission Electron Microscopy
Samples from lung, spleen, liver, lymph nodes, heart, and thymus were collected during the late stage (days 9 and 10 after infection) of the EMLA lethal infection. The tissues were fixed and processed as described by Sotomayor et al [7] .
Determination of Antibody Titer by Enzyme-Linked Immunosorbent Assay (ELISA)
The serum samples were assayed for immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies, using the Protein Detector ELISA Kit (KPL, Gaithersburg, MD). Lysates of EMLA cultivated in RF6A cells and of uninfected RF6A cells were coated on ELISA plates. Serum samples were diluted at 1:100 and added to the plates, according to the manufacturer's instructions. Antibody levels were calculated based on the absorbance of an equivalent dilution in a standard curve of IgM antibodyor IgG antibody-containing reference serum [15] .
Flow Cytometric Analysis of Peripheral Blood T Lymphocytes
Percentages of T cells and their subsets in the blood of EM-LA-infected mice were determined by flow cytometry. Briefly, a 100-µL blood sample was centrifuged, washed with fluorescence-activated cell sorter (FACS) buffer, and then incubated with anti-Fc II/III receptor monoclonal antibodies (eBioscience, San Diego, CA) at 4°C for 15 minutes. Subsequently, cells were labeled with fluorochrome-conjugated monoclonal antibodies (eBioscience, San Diego, CA) specific for mouse CD3, CD4, or CD8. Cells were fixed, and flow cytometric data were collected using the LSRII FACS (BD Immunocytometry Systems, San Jose, CA). Lymphocytes were gated on the based of forward and side scattering, and at least 20 000 lymphocytes were analyzed. Data were analyzed using FCS Express, version 3 (De Novo Software, Los Angeles, CA).
Statistical Analysis
Experimental data were analyzed using GraphPad Prism software, version 5.01 for Windows (GraphPad Software, San Diego, CA). All data were analyzed by the 2-tailed unpaired Student t test for comparison of infected and naive or control groups. Statistical significance was determined at 95% (P < .05). Data presented are expressed as means plus standard deviations.
RESULTS
The new ehrlichial pathogen, EMLA, infected all strains of mice tested, with very similar clinical and pathologic outcomes. We characterized EMLA infection in C57BL/6 mice because of the availability of specific gene knockout animals on the C57BL/6 background, which will allow future mechanistic studies of pathogenesis and immunity.
Outcome of EMLA Infection in C57BL/6 Mice Following Different Routes of Inoculation
Inoculation of EMLA by intraperitoneal and intravenous routes induced disease in C57BL/6 mice, which progressed to a lethal or persistent infection in a dose-dependent manner. The lethal dose of infection in both intraperitoneal and intravenous models induced lethargy, dehydration, hunched posture, and roughened fur. Mice inoculated with low-dose or high-dose EMLA by the intradermal route and mice infected with a sublethal dose by the intraperitoneal or intravenous route did not show signs of disease but developed persistent infection. Macroscopic evaluation of the organs revealed peritoneal and/or pleural effusions in mice inoculated by the intraperitoneal route but not in intravenously or intradermally infected mice. Mild-to-moderate splenomegaly and lymphadenopathy were more evident in lethal infections, although slight increases in spleen and lymph node sizes were observed in sublethal infection. Comparison of the bacterial burden after different routes of infection indicated that intravenous and intraperitoneal inoculation led to disseminated infection in all organs tested. Intradermal infection resulted in bacterial distribution to all organs except the kidney, brain, and bone marrow ( Figure 1A) . Also, the levels of bacteria in tissues differed depending on the route of infection. After intraperitoneal inoculation, higher levels of bacteria were observed in the liver, spleen, and kidney (organs associated with the site of inoculation), followed by the lung, lymph node, brain, and bone marrow. Lethal intravenous and sublethal intradermal infection resulted in the highest bacterial concentrations in the lung, followed by the spleen and lymph nodes, with lower levels in the liver. The bacterial distribution varied depending on the route of infection on day 30 after infection ( Figure 1B ).
Mice infected with EMLA by different routes of inoculation developed both IgM and IgG antibody responses by day 9 after infection (Supplementary Figure 1A and 1B) . IgG antibody responses in mice infected by different routes were very similar on day 30 after infection (Supplementary Figure 1C and 1D ).
Mice infected with EMLA by the intradermal route and mice infected with a sublethal dose by the intravenous route that survived through day 60 after infection were challenged with an ordinarily lethal dose of EMLA by the intravenous route. Mice primarily infected by the intravenous route and challenged intravenously died around day 9 after infection, and all mice primarily inoculated intradermally survived the intravenous challenge (data not shown). Figure 2) . We determined by using the Reed-Muench equation that the LD 50 of EMLA by intravenous inoculation is approximately 1 × 10 4 bacteria.
Determination of the
We tested doses as high as 1 × 10 8 EMLA by intradermal inoculation, but no animals developed clinical signs of disease or died (data not shown).
EMLA Infection Course in Mice Following Inoculation of Lethal and Sublethal Doses by the Intravenous Route
We used the intravenous model to study the lethal disease by inoculation of 10 LD 50 and to study the sublethal infection by inoculation of 0.1 LD 50 . 
Clinical Signs
Lethal infection induced clinical signs approximately 24 hours before death. The animals developed hunched posture, lethargy, changes in breathing pattern, and roughened fur; became moribund; and died or were euthanized on day 10-12. No signs of disease were observed after inoculation of the sublethal dose. Body weights revealed remarkable weight loss during lethal infection around the time animals became moribund; however, no significant change was identified during sublethal infection ( Figure 2A ).
Serum Liver Enzyme
Evaluation of the serum ALT level demonstrated a significant increase in concentrations during the late stage (day 10 after infection) of lethal infection by EMLA, compared with control mice, with levels as high as 2400 U/L ( Figure 2B ).
Complete Blood Counts
Infection with a lethal dose of EMLA induced significant changes in blood cell counts. The total leukocyte count showed a progressive decrease from days 6 to 9 after infection, with severe leukopenia mainly due to lymphopenia, and mildto-moderate neutropenia and monocytopenia ( Figure 2C ). On day 10 after infection, the animals developed a moderate increase in leukocyte counts. The concentration of red blood cells increased during lethal infection, particularly just preceding death, on day 10 after infection ( Figure 2D ). Platelet counts decreased precipitously on days 9 and 10 after infection in lethally infected mice, compared with control mice ( Figure 2E ). Animals inoculated with a sublethal dose of EMLA did not show significant changes in blood cell counts during the course of disease through day 60 after infection. 
Tissue Distribution of Bacteria
During lethal infection with EMLA, bacterial levels in spleen, liver, lung, lymph nodes, kidney, brain, and bone marrow increased progressively, rising from day 3 until death ( Figure 3A ). Animals infected with a sublethal dose had low bacterial loads in the organs, which varied during the course of infection and peaked 
Histopathologic and Immunohistochemical Findings
Histopathologic analysis of the organs infected with EMLA revealed progressive mild changes during the course of infection. Lethal infection initially induced proliferation of hepatocytes, observed as numerous mitotic figures (Figure 4A and 4B) . With progression of the disease, a few more changes were observed in the tissues. In the liver, mitotic figures continued to be present but were less numerous; however, increased frequency of small foci of mononuclear cellular infiltration and adjacent apoptotic hepatocytes were identified diffusely throughout the liver ( Figure 4C and 4D) . Very mild mononuclear cell infiltration was observed in the lungs. Thymus, spleen, and lymph nodes presented similar changes characterized by individual cell fragments consumed by phagocytes, which gave the appearance of clear spaces filled with cellular debris suggestive of ingested apoptotic bodies (so-called starry sky; Figure 4E and 4F ). The same lesions were observed in animals less than 24 hours before death. These lesions underwent rapid progression when the animals were moribund, with more foci of apoptotic cells in liver, increased mononuclear cell infiltration in liver and lungs, and more prominent apoptotic bodies in the thymus, spleen, and lymph nodes. Vascular congestion was observed in the majority of the organs at the late stage of infection.
Sublethal infection by the intravenous route did not result in significant pathologic changes. An increase of Kupffer cells was observed in the liver on days 12-13 after infection.
IHC staining revealed the presence of EMLA in all evaluated tissues, especially at the late stage of lethal infection. Staining of morulae of EMLA was identified in mononuclear cells in the lungs, liver, lymph nodes, spleen, and thymus ( Figure 4G -I) and in pulmonary endothelial cells. Other organs that contained infected cells, apparently endothelial cells, were the heart (especially the atria), intestine, kidney, and bone marrow ( Figure 4J-L) .
Ultrastructure of EMLA in Infected Tissue
The 2 developmental forms of Ehrlichia (dense core; reticulate cells) were observed within morulae in infected lung cells, some of which were endothelial cells ( Figure 5 ).
Antibody Titers
The highest levels of anti-EMLA IgM and IgG antibodies were induced by lethal infection 9-10 days after infection ( Figure 6A and 6C). In sublethal infection, lower titers of both IgM and IgG antibodies were detected in the serum during the course of the disease. IgM antibodies to EMLA were present on day 3 after infection and were maintained through the course of infection, with increased levels on days 30 and 60 after infection ( Figure 6B ). Anti-EMLA IgG antibodies appeared on day 6 and persisted until day 60 after infection ( Figure 6D ).
CD4
+ and CD8 + T Cells in the Peripheral Blood
Quantification of T cells in circulating blood was determined by flow cytometry. Lethal infection induced a decrease in the percentage of CD3 + T cells at the time the animals become moribund. However, at early time points, the percentage of total T cells was unchanged, but the ratio of CD4 + T cells to CD8 + T cells increased on day 6 after infection, with a greater increase on day 9 after infection, and then decreased before death (Figure 6E-H) . However, the changes observed in the ratio of CD4 
DISCUSSION
This study demonstrated that the recently identified species, EMLA, caused infection in mice that mimicked the abnormalities observed in cases of human disease induced by EMLA and E. chaffeensis. Human cases present nonspecific clinical signs, with pancytopenia and elevated serum hepatic transaminases [2, 12, 16] . Mice infected with EMLA also developed nonspecific signs of disease but only in severe cases, and the clinical signs appeared only around 24 hours before death. Changes in blood counts were similar to those in other ehrlichial infections (thrombocytopenia, leukopenia, and lymphopenia), and elevated hepatic transaminase concentrations during acute infection mimicked those during human infection. EMLA induced lethal or persistent infection in mice in a dose-and route-dependent manner, which differed from findings for the uniformly sublethal E. muris infection (persistent model) [7, 8] . Lethal cases of HME have been reported, as well as sublethal infections; however, few cases of occurrence of prolonged infection caused by E. chaffeensis have been reported [17] . No lethal cases of EMLA in humans have been reported [2, 16, 18] . However, the EMLA mouse model provides a tool to study the disease caused by a human ehrlichial pathogen, since our results show productive infection by intravenous, intraperitoneal, and intradermal routes. Furthermore, preliminary studies have indicated that larval and nymphal I. scapularis ticks readily acquire EMLA from infected mice and transmit the bacterium to naive uninfected mice, indicating the feasibility of developing a tick transmission model of ehrlichiosis (data not shown). Interesting differences in disease manifestations were observed in mice inoculated with EMLA by different routes. In contrast with other routes, intraperitoneal infection induced pleural and peritoneal effusions, especially the accumulation of peritoneal fluid, which have not been described in typical human cases of HME or EMLA. Intradermal infection did not induce severe disease but caused persistent infection, and mice inoculated by this route were protected from subsequent challenge with an ordinarily lethal dose. Conversely, intravenous infection caused severe disease or persistent infection depending on the dose; however, it did not induce protection from subsequent lethal challenge. These observations did not correlate with antibody levels because no significant differences were observed in antibody levels in mice inoculated by different routes. Lethal infection resulted in a progressive increase in bacterial loads in all the organs and in antibody titers, a decrease in blood cell counts, and an increase in serum ALT concentration until the animals died from the infection. However, no clinical signs were observed until the last 24 hours before death. Also, no dramatic histopathologic lesions were observed in this severe infection. The final stage of lethal infection was characterized by a rapid decrease in body weight, hemoconcentration, and increased urine specific gravity (data not shown), which suggested severe dehydration or vascular fluid leak as a possible cause of death. However, no clear source of fluid loss was identified in kidney or intestines. As bacteria were observed in endothelial cells, we hypothesize that vascular leakage played a role in hypotension and death [19, 20] . Also, it is consistent with toxic shock-like syndrome, which induces a fluid and electrolyte imbalance as a cause of death in the absence of dramatic pathologic lesions, as observed in this study. Liver was the tissue demonstrated to have more morphologic changes during lethal infection by EMLA than other organs. Interestingly, EMLA initially induced hepatocellular mitoses followed by apoptotic cell death in liver and also in lymphoid tissues at the time when animals manifested clinical signs 24 hours before death. The previously described lethal IOE model of infection also induces liver damage and increased levels of cytokines, such as tumor necrosis factor α, which was suggested to be related to toxic shock-like syndrome [21] . Other cytokines and T-cell types have also been implicated in the development of toxic shocklike syndrome [22, 23] ; however, we have yet to evaluate the host immune response in detail. Other pathologic changes observed in the EMLA model were cell infiltrations in lungs and apoptosis in lymphoid tissues. HME cases are reported to develop multifocal necrosis in liver and lymphoid tissues, interstitial pneumonia, and perivascular lymphohistocytic infiltration [11, [24] [25] [26] . Similarly, the lethal IOE model demonstrates pathologic involvement of the liver, lymphoid tissues, and lungs [7] . Tissues involved are similar in other ehrlichial infections.
In conclusion, the development of a new animal model of ehrlichiosis, using a recently discovered human pathogen, provided an opportunity to investigate pathogenesis and host immune responses of ehrlichiosis. This new ehrlichial species induced a range of severity of illness, from subclinical to lethal disease in mice, in a dose-and route-dependent manner, which can be used to discover principles that apply to the monocytotropic ehrlichioses. Furthermore, our preliminary studies suggest the feasibility of developing a highly relevant natural vector transmission model for monocytotropic ehrlichiosis, using this new animal model.
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